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Pulsed coherent excitation of a two-level atom strongly coupled to a resonant cavity mode will create a
superposition of two coherent states of opposite amplitudes in the field. By choosing proper parameters of
interaction time and pulse shape the field after the pulse will be almost disentangled from the atom and can be
efficiently outcoupled through cavity decay. The fidelity of the generation approaches unity if the atom-field
coupling strength is much larger than the atomic and cavity decay rates. This implies a strong difference
between even and odd output photon number counts. Alternatively, the coherence of the two generated field
components can be proven by phase-dependent annihilation of the generated nonclassical superposition state
by a second pulse.
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Quantum superpositions of coherent (classical) states of a
light field with strongly different amplitudes are well-defined
examples of macroscopic superpositions as introduced by
Schrödinger in his famous Gedankenexperiment on a cat be-
ing in a dead-alive superposition. Such quantum states pos-
sess unique properties and have been used to exhibit and
investigate important properties of the quantum measure-
ment process and decoherence [1]. Experimentally, superpo-
sitions of coherent states with greatly different amplitudes
have been successfully created using microwave resonators
coupled to Rydberg atoms [2]. Recently, it has been noted
that such states could also be used in quantum-information
processing for encoding qubits in the relative phase of the
two classical amplitude [3]. In principle they allow quantum
teleportation and linear quantum gates in a straightforward
manner [4]. Although nondeterministic sources could be
used for these applications it would clearly be more desirable
if a controlled deterministic source was available in the op-
tical domain.
Nonlinear optical setups, such as, e.g., a subthreshold op-
tical parametric oscillator or electrically induced transpar-
ency type interactions in atomic media, have been suggested
as possible sources of such states [5]. Alternatively,
traveling-wave coherent-superposition states might be gener-
ated by sending a three-level atom in a superposition state of
the two lower levels through a high-Q cavity, which couples
only one of the levels with a third upper state [6]. The de-
sired quantum state is then generated by sending a light pulse
through the cavity followed by postselection on the outcome
of a subsequent proper projective measurement on the atom.
In this way, the microscopic quantum superposition of the
atom is transformed to a macroscopic superposition of the
light field being transmitted or reflected from the cavity. Al-
though this scheme works well in principle it is slow and
hard to implement in practice.
Here we propose a significantly simpler version of a cav-
ity QED scheme using just a two-level atom resonantly
coupled to a single mode of a high-Q cavity mode with a
coupling strength g exceeding the natural linewidth g of the
atomic transition and the cavity decay rate k (Fig. 1). All that
is needed is to apply a coherent driving pulse of proper
strength and duration to the atom from the side. The induced
Rabi flopping of the atom together with coherent scattering
of the pulse light into the cavity mode then generate the
desired field state. Interestingly, it is possible to tailor the
interaction time in such a way that the atom gets disen-
tangled from the field after the pulse so that no projective
measurement on the atom is required. This is a central dif-
ference from previous suggestions of using a far-detuned
pulse. Such a pulse creates a similar field, but as it induces
no atomic transitions it leads to a strong atom-field entangle-
ment [7].
In terms of the atomic raising and lowering operators
ss† ,sd and the field mode creation and annihilation opera-
tors sa† ,ad the Hamiltonian reads
H = "DAs†s + "DCa†a − "gstdss†a + a†sd + Hp,
Hp = "fhstds† + h * stdsg , s1d
where DC=v−vC and DA=v−vA. Here hstd denotes the
time-dependent Rabi frequency of the pump field.
As we want to make use of the generated cat state in a
subsequent experimental setup, we also include outcoupling
through cavity mirrors. In any case, since macroscopic su-
perposition states are very sensitive to perturbation, in a re-
alistic model we have to include atomic spontaneous emis-
FIG. 1. Scheme of the system.
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sion and cavity decay. Mathematically, both couplings to the
environment are described by a Liouville operator:
Lr = ks2ara† − a†ar − ra†ad − gSs†sr + rs†s
− 2E d2uNsudse−ikAu·rreikAu·rs†D , s2d
where k is the width (half width at half maximum) of the
cavity mode, and g is the atomic linewidth. The variable u is
the direction of spontaneously emitted photons with angular
distribution Nsud.
Let us first demonstrate the basic mechanism of the quan-
tum state generation by applying a strong short driving pulse
with a duration short compared to the cavity and atomic
lifetimes. This will be done by a straightforward numerical
solution of the master equation Eq. (2), where we limit our
calculational basis to a finite number N0 of photon states,
which we set to be much larger than the maximum average
photon number at the end of the pulse [8].
Initially, the atom and field are in the ground state and the
pulse is assumed strong enough to allow several Rabi cycles
of the atom. During this cycling the atom coherently radiates
into the cavity mode with the contributions from the upper
and lower atomic state contributing with opposite phases.
This is shown in Fig. 2, where we plot the intracavity field
Wigner function for a pulse duration time of gt<2p. Clearly
one sees the formation of large negative parts.
In Fig. 3 we plot the corresponding time evolution of the
photon number (divided by 10) (dashed line) and the atomic
upper-state population (solid line). While the photon number
continuously grows, we see a fast collapse of the atomic
Rabi oscillations. Of course this phenomenon is reminiscent
of the dynamics of the Jaynes-Cummings model with a co-
herent state in the field as an initial condition. Indeed, by
applying a simple displacement operation on the field opera-
tors in the form a→b=a−h /g, we can shift the initial state
to a coherent state and transform atomic pumping to cavity
driving. Hence the dynamics is mathematically equivalent to
the case of a cavity-driven Jaynes-Cummings model with the
field initially in a coherent state [9], and the scheme closely
resembles recent experiments performed in the microwave
regime by Auffeves et al. [10]. They were able to generate
and study large-amplitude coherent-state superpositions by
similar means. However, it seems hard to coherently drive
the Rydberg atom in the microwave resonator without direct
coupling to the mode.
Mathematically, the origin of the generation of macro-
scopic superpositions can be traced back to a strong phase
dependence of the generated intracavity light field on the
atomic state, as was first pointed out by Ren et al. several
years ago [11]. This can be more easily seen by assuming a
real constant pump amplitude h and rewriting the Hamil-
tonian at resonance in terms of the eigenstates xx
±
= sxz
−±xz
+d /˛2 of the pump field Hamiltonian Hp=2hsx
=hss†+sd:
H = "hsx − s"g/2dfsa† + adsx − isa† − adsyg . s3d
In this basis the initial state of the atom (ground state) reads
xz
−
= sxx
−+xx
+d /˛2. In the case of strong pumping h@g the
last term in the Hamiltonian proportional to sy is nonreso-
nant and will introduce only minor corrections. It can be
approximated by sy < igsa†−ad / s2hdsx, which induces some
nonlinear but small phase shift. This leads to an effective
time evolution of the form
cstd = e−iHt/"fvacsxx
− + xx
+d/˛2 < etsg/2hd2sa† − ad2sx
3 se−itfh+sg/2dsa
†+adgfvacxx
+ + eitfh+sg/2dsa
†+adgfvacxx
−d/˛2,
s4d
where fvac is the vacuum state of the mode. Hence the time
evolution approximately shifts the vacuum into the opposite
direction for the two different constituents of the initial
atomic state as observed in the figures. Note that the numeri-
cally calculated photon number fits well this approximated
prediction of n<sgt /2d2. Interestingly, it is independent of
the pump strength as long as h@g. Similarly, the first factor
resembling a squeezing-type term is small in this limit.
One of the most interesting features of the dynamics in
our case is the fact that the dynamically induced entangle-
ment between the atom and the light field decreases again
after some time. This can be seen from the growing purity of
the reduced atomic density matrix as plotted in the dot-
dashed line in Fig. 3. Hence, at the end of a properly chosen
pulse, one does not need a projective erasing of the path
FIG. 2. (Color online) Wigner function of the intracavity field
for a rectangular pulse with Rabi frequency h=˛8g and strong cou-
pling k=g=g /100 at time gt=2p.
FIG. 3. (Color online) Evolution of upper-state population (solid
line), photon number (divided by 10, dashed line), and the trace of
the squared atomic density matrix (dot-dashed line) for parameters
as in Fig. 2.
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information in the atom to generate the desired field state.
Mathematically, the disentangling is generated by the sy part
of the Hamiltonian, with mixes the path information.
The approximate disentangling of atom and field at cer-
tain times can be qualitatively understood by looking at a
special case. Neglecting damping and assuming resonance
DC=DA=0, the Hamiltonian can be mapped to the Jaynes-
Cummings model with a coherent field state at the beginning
[11]. The basis state xz
−wsnd with n.1 photons and the atom
in the ground state xz
− then evolves as
cnstd = fcossg˛ntdxz−wn − i sinsg˛ntdxz+wn−1g , s5d
where wn denotes the n-photon field state. For certain times t
and photon numbers n the ratio cossg˛ntd / sinsg˛n+1td will
be a slowly varying function of n in the relevant range of
photon numbers occupied from the initial distribution. In this
case the atom and field states approximately factorize [12].
This feature survives weak damping and can even be en-
hanced by pulsed excitation as we see below.
For simplicity we have so far used a square pulse to dem-
onstrate the underlying atom-field dynamics. As can be seen
in Figs. 4 and 5 a short Gaussian pulse will lead to very
similar results, which are even slightly more favorable.
A central problem we face here is to quantify the success
of the scheme as a function of noise beyond a visual com-
parison of the generated Wigner function with the desired
one. As one quantitative measure we simply take the maxi-
mum negative value of the Wigner function. Alternatively,
one could use the fidelity with respect to a desired target
state. As shown in Fig. 6(a) the nonclassicality of the field
state vanishes very rapidly with increasing atomic decay rate,
while the mean field intensity is almost unchanged. Hence
one needs strong coupling g /g.1 here.
Let us now turn to the problem of cavity decay and output
coupling. If we decouple the atom and field after the pulse,
cavity decay is the only decay channel left for the light, and
the field will be outcoupled to the cavity output mode. In a
single-sided cavity the state is converted into an outgoing
wave packet, which contains central signatures for the inter-
nal quantum state [14]. In addition to a photon number mea-
surement one could do field quadrature measurements in two
orthogonal directions. The corresponding distributions (pro-
jections of the Wigner function) are shown in Fig. 6(b) and
clearly exhibit a double-peaked structure in the x direction
and interference fringes in the y direction.
These are measurable quantities corresponding to inte-
grated homodyne currents, which can be simulated [13] as
plotted in Fig. 7. Clearly we see a double-peaked distribution
in the y quadrature while there is a broad single peak in the
x direction. The fringes in the x direction are, however, hard
to resolve. Here we have chosen the state after the pulse as
the initial condition and k@g.
As a second measure we can use the property of only
even (odd) photon numbers contributing to a symmetric (an-
tisymmetric) macroscopic superposition state. Unfortunately
FIG. 4. (Color online) Atomic population (solid line), photon
number divided by 10 (dashed line), and trace of the squared atomic
density matrix for a Gaussian pulse (dot-dashed line) of duration
t=g /5 with peak Rabi frequency h=9g and strong coupling k=g
=g /100.
FIG. 5. (Color online) Wigner function of the intracavity field
for the parameters of Fig. 4 after the pulse.
FIG. 6. (Color online) (a) Maximum negative value of the
Wigner function of the intracavity field and photon number as a
function of atomic decay rate g. (b) Probability distribution for x
(dashed) and y solid quadratures of the intracavity field for the
parameters of Fig. 4.
FIG. 7. (Color online) Simulated accumulated photocurrent (300
traces) for the two field quadratures (x, left; y, right) during the time
of the decay of the intracavity field after the pulse.
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our generation procedure includes a small X-quadrature shift
of the field state, which messes up this nice property. How-
ever, by compensating this by a proper backward shift before
the measurement, we can indeed recover a strong signal as
shown in Fig. 8(a), where we depict the probability of detec-
tion of even and odd photon numbers as a function of the
shift. The visibility of these fringes is another indication of
how close we are to an ideal macroscopic superposition state.
Direct experimental demonstration of the quantum
superposition-state preparation requires observation of the
double-peaked y distribution as well as the photon count.
This is experimentally challenging. There is, however, an
alternative procedure, also used in the microwave regime
[10]. Here one just time-reverses the generation process by
applying a proper phase shift to the atomic ground state and
sending a second pulse. Only for a p shift is the internal field
state exactly erased by destructive interference. The prob-
ability of ending up in the vacuum is then a useful measure
of the fidelity of whole cat-state-generation process. In Fig.
8(b) we show this probability of ending up in the vacuum
state after the second pulse as a function of the extra phase in
the swap process for three different delay times between the
pulses. The final Q function after a second pulse without any
delay, which clearly exhibits this probability, is shown in Fig.
9 for phase shifts of f= s0,pd.
Obviously, for a p phase shift the second pulse can com-
pletely reverse the field-state generation, clearly demonstrat-
ing the coherence of the field state after the first pulse. As
expected, the quantum coherence of the superposition state
decays very fast and even after only one-quarter of the cavity
delay time the fidelity is reduced to 30%. Hence the experi-
ment has to be performed within a cavity lifetime. Naively,
this might suggest that one never gets such a state out of the
cavity, because it is destroyed before it can leave the cavity.
However, if we wait long enough after the first pulse, all the
photons will have left and generated a traveling-wave packet
outside. As can be seen by input-output theory [14] the
traveling-wave field photons will directly map to the intrac-
avity state as long as no photon is absorbed in the mirrors.
Once all the photons have left and the atom has decayed the
procedure can be restarted. Experimentally, the technological
barriers in implementing the scheme are challenging but they
do not go beyond the requirements of a controlled single-
photon source or other cavity QED quantum-information
schemes. One of the central issues to be solved in this con-
text is photon loss in the mirrors during the outcoupling pro-
cess while still maintaining a high Q. Maybe this scheme
could also be implemented in solid state microresonators or
even doped fibers.
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FIG. 8. (Color online) (a) Probabilities of counting an even
(solid line) and odd (dashed line) number of photons as functions of
a field shift along the x quadrature. (b) Probability of vacuum state
after the second pulse as a function of the atomic phase shift be-
tween pulses for three different delay times dtk=1/100,dtk
=1/8 ,dtk=1/4.
FIG. 9. (Color online) Q function of the field after the second
pulse for different atomic phase shifts f= s0,pd between the pulses.
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